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Epidermodysplasia-verruciformis-associated human
papilloma virus DNA has been detected in skin can-
cers, in premalignant and benign skin lesions, and in
plucked hairs from immunocompetent and immuno-
suppressed patients. The role of epidermodysplasia-
verruciformis-associated human papilloma virus in
the pathogenesis of nonmelanoma skin cancer is still
enigmatic. In organotypic cultures we investigated
the effects of retroviral transduction of the E6 and E7
genes of epidermodysplasia-verruciformis-associated
human papilloma virus types 5, 12, 15, 17, 20, and 38
on the growth and differentiation of human kerati-
nocytes. Differentiation was disturbed to different
degrees as revealed by histology and by the expres-
sion patterns of differentiation markers keratin 10
and small proline rich protein 2. Conversely, prolif-
erating cell nuclear antigen was induced in some of
the suprabasal, differentiated cells to varying extent.
No unscheduled DNA synthesis was detected in these
cells, however, as probed by 5¢-bromo-2¢-deoxyuri-
dine incorporation. Most intriguingly, when the E6
and E7 genes of epidermodysplasia-verruciformis-
associated human papilloma virus types 15 and 17
were transduced, a broadening layer of basal cells
and an accelerated differentiation were observed. In
addition, ``papilla-like structures'' comprising basal-
like keratinocytes arose from the basal layer into the
differentiated layers. These cells did not express the
differentiation markers keratin 10 and small proline
rich protein 2, but did actively replicate DNA. These
observations warrant further research by using this
system to elucidate the replication strategy of epider-
modysplasia-verruciformis-associated human papil-
loma virus types in keratinocytes and to shed light
on the role of these human papilloma virus types in
the pathogenesis of skin cancer. Key words: E6/E7/
EV-HPV/keratinocyte raft cultures/squamous differenti-
ation. J Invest Dermatol 117:1397±1404, 2001
H
uman papillomaviruses (HPV) are small double-
stranded DNA viruses found in a wide variety of
proliferative lesions of epithelial origin. The earliest
evidence for the involvement of speci®c HPV types
in human skin cancer originated from studies in
patients suffering from the very rare hereditary disease epidermo-
dysplasia verruciformis (EV) (Orth et al, 1980). These HPV types
and phylogenetically related types are commonly referred to as EV-
HPVs and include types 5, 8, 9, 12, 14, 15, 17, 19±25, 36±38, 47,
and 49.
EV-HPV DNA has been detected in nonmelanoma skin cancers
and benign skin lesions from renal transplant recipients and from
nonimmunosuppressed patients by polymerase chain reaction
(PCR) methods (Berkhout et al, 1995; Shamanin et al, 1996;
P®ster and Ter Schegget, 1997), in plucked hairs from both
immunosuppressed and immunocompetent individuals (Boxman et
al, 1997; 1999a; 1999b), as well as in skin scrapings and biopsies
from psoriatic patients (Favre et al, 1998; Weissenborn et al, 1999).
Recently, we obtained epidemiologic evidence that there is a
signi®cant association between EV-HPV DNA in plucked eyebrow
hairs and the occurrence of solar keratoses in men (Boxman et al, in
press). These ®ndings indicate that EV-HPV may play a role in the
early changes in skin eventually leading to the development of
nonmelanoma skin cancer.
Studies on the biology of EV-HPV types are relatively scarce, in
comparison to extensive investigations conducted on the genital
HPV types 11, 16, and 18. The investigation of genital HPVs in vivo
and in vitro has revealed that virus DNA replication depends largely
on the host replication machinery but vegetative viral DNA
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ampli®cation occurs only in postmitotic, differentiated layers of
squamous epithelia. As in squamous epithelia only the basal and
parabasal keratinocytes maintain the ability to replicate DNA and
divide, HPV must reactivate the host genes necessary for DNA
replication in postmitotic, differentiated keratinocytes (reviewed by
Chow and Broker, 1997a). One host replication protein, which is
often used in studies of cancers by in situ methods to denote S phase
cells, is the proliferating cell nuclear antigen (PCNA), a DNA
polymerase d processivity factor. In normal epithelia, PCNA is only
expressed in the proliferating basal or parabasal cells. In HPV-
infected benign lesions, PCNA is additionally observed in the
differentiated strata (Demeter et al, 1994).
The effects of oncogenic genital HPV early genes E6 and E7 on
keratinocyte growth and differentiation in vitro have been inves-
tigated in raft cultures or organotypic cultures (reviewed in Chow
and Broker, 1997b). This method of cell culture allows primary
human keratinocytes (PHKs) to stratify and differentiate into a
squamous epithelium in which growth and differentiation markers
are expressed in manners similar to the native epithelium (Wilson et
al, 1992). In PHK raft cultures, which constitutively express the
oncogenic HPV E6 and E7 genes from a retroviral long-terminal
repeat (LTR) promoter, withdrawal from cell cycle is delayed or
prevented such that markers of DNA replication, such as the
expression of PCNA and the uptake of the nucleoside analog 5¢-
bromo-2¢-deoxyuridine (BrdU), are observed throughout the
suprabasal cell layers (Blanton et al, 1992; Halbert et al, 1992). In
contrast, when the oncogenic HPV E6 and E7 genes or E7 gene
alone is expressed from the native HPV enhancer and promoter,
keratinocytes differentiate in a manner similar to the control
cultures, but a fraction of the postmitotic, differentiated spinous
cells re-enters S phase and unscheduled DNA synthesis occurs
(Cheng et al, 1995). A critical requirement for this S phase re-entry
is the ability of the E7 protein to target the pRB/E2F pathway by
binding and inactivating pRB, the master switch controlling the
G1/S transition (Chien et al, 2000; reviewed in Kaelin, 1999;
Zwerske and Jansen-DuÈrr, 2000; and references therein). The
cellular milieu in which unscheduled cellular DNA synthesis takes
place is expected to facilitate viral DNA replication also.
To date, little is known about the effects of the genes of the EV-
HPV types in keratinocytes. In this study, the consequence of
retroviral transduction of the EV-HPV E6 and E7 genes on PHK
growth and differentiation was investigated. We recently showed
that EV-HPV DNA is not detectable in outgrowing cells from
explant cultures of HPV-positive skin lesions established at the air±
medium interface (Boxman et al, 2000). Therefore, in this study,
PHKs were infected with recombinant retroviruses, and subse-
quently the cells were grown as raft cultures. The E6 and E7 genes
were placed under the control of the retroviral LTR promoter.
HPV 5, 12, 15, 17, 20, and 38 were chosen for this investigation, as
they broadly represent the EV-HPVs in the phylogenetic tree
(Berkhout et al, 2000).
MATERIALS AND METHODS
Retroviral constructs The E6 and E7 genes of HPV 5, 10, 12, 15,
16, 17, 20, and 38 were ampli®ed by PCR using type-speci®c primers
extended with restriction sites (Table I). After PCR, the amplimers
were cloned into the TOPO-TA vector (Invitrogen, San Diego, CA)
from which the E6±E7 amplimers were digested and subsequently cloned
into the Moloney leukemia virus-based retroviral vector pLXSN (Miller
and Rosman, 1989). All constructs were sequenced and compared with
the HPV database. For HPV15 E6, a deletion of one nucleotide was
detected at nucleotide 326 relative to the reported sequence, resulting in
a shorter predicted E6 protein due to the creation of a stop codon. The
HPV15 E6E7 DNA fragment was therefore obtained by PCR performed
on HPV15-positive patient material. The obtained HPV15 E6 product
also showed differences with the database, an insertion of one nucleotide
at position 325 and the deletion of one nucleotide at position 326,
leading to a translatable E6 product with two different amino acids (L52
to F and N53 to D) compared to the sequence in GenBank (acc. no.
X74468).
PHKs For keratinocyte cultures, the epidermis of two or more
neonatal foreskins was incubated in 0.25% trypsin and 1 mM
ethylenediamine tetraacetic acid in Hanks' balanced salt solution without
Ca2+ or Mg2+ (Gibco Life Technologies, Breda, The Netherlands) for
45 min at 37°C, while being mixed gently on a rotating table. The
supernatant containing the dispersed keratinocytes was collected, and
trypsin was quenched with an equal volume of phosphate-buffered saline
supplemented with 10% fetal bovine serum (PAA Laboratories, Linz,
Austria). Cells were pelleted and resuspended in serum-free medium
(SFM) (Gibco Life Technologies) and then plated on mitomycin-treated
3T3-J2 ®broblasts (at 20%±30% con¯uence).
Retrovirus-mediated gene transfer Recombinant retroviruses were
produced from the amphotropic packaging cell line GP+envAm12
(Markowitz et al, 1988) as described earlier (Cheng et al, 1995). PHKs of
the second passage at 30% con¯uence were incubated in 60 mm dishes
with 2.5 ml of ®ltered, virus-containing medium. After 45 min, 2.5 ml
SFM was added, and after an additional 4 h the medium was replaced
with fresh SFM. After 24 h, cells were selected with G418 (Gibco Life
Technologies) at 250 mg per ml in SFM for 2 d. Typically, virtually
100% of the PHKs survived the selection and were grown for three
more days in SFM without G418. These PHKs were seeded into dermal
equivalents consisting of collagen embedded with 3T3-J2 ®broblasts, as
speci®ed below. Uninfected PHKs died after selection.
Primary keratinocyte raft culture Epithelial raft cultures of infected
or uninfected PHKs were prepared as described earlier (Wilson et al,
1992). In brief, the dermal equivalent contained 2 3 105 3T3-J2 cells.
2 3 105 PHKs were seeded onto these rafts. The raft medium consisted
of DMEM:F12 (3:1) supplemented with 10% fetal bovine serum (PAA
Laboratories), hydrocortisone-21-hemisuccinate (0.4 mg per ml; Sigma),
cholera toxin (0.1 nM; Sigma), apo-transferrin (5 mg per ml; Sigma),
insulin (5 mg per ml; Sigma), human epidermal growth factor (0.5 ng per
ml; Gibco Life Technologies), and 200 U per ml sodium-penicillin G,
200 mg per ml streptomycin-sulfate, and 0.25 mg per ml amphotericin B.
Eighteen hours before harvesting 5¢- bromo-2¢-deoxyuridine (BrdU, 100
mg per ml) was added to the medium. The epithelial raft cultures were
harvested after 9 d at the air±medium interface, ®xed in 10% buffered
formalin, and embedded in paraf®n.
Antigen detection Deparaf®nized sections were stained with
hematoxylin and eosin for histologic examination. Immunohistochemical
analyses with antibodies to BrdU (Dako-BrdUrd, Bu20a) were
performed essentially as described by the suppliers (Dako, Glostrup,
Denmark). Immunohistochemical analyses with antibodies to keratin 10
(K10) (ICN Pharmaceuticals, California) and small proline rich protein 2
(SPRR2) (a kind gift from Dr. D. Hohl, Lausanne) were performed as
described earlier (Gibbs and Ponec, 2000). Immunohistochemical
analyses with antibodies to PCNA (1:1000, Boehringer Mannheim,
Germany, PC10) were performed using the same protocol as for SPRR2
except that after the heat treatment the slides were allowed to cool down
Table I. Oligonucleotide primers used for ampli®cation of
HPV E6E7 fragmentsa
HPV type Oligonucleotide primers
HPV5 5¢ ACGTTAACAATCAGGCAATGGCTGAG
3¢ ACGGATCCCATCACTACAGTCAGCTTCC
HPV10 5¢ ACGTTAACCTGCAGAAGCTATGTCCATG
3¢ AAGGATCCGTCCATGTCCTGTTACACG
HPV12 5¢ ACGTTAACTGTGATTGGGACAAATGGC
3¢ ACGGATCCTACTACCTTTAGAATCCGC
HPV15 5¢ AGGTTAACGAGAGCTATATGGATAGGCC
3¢ ACGGATCCCCAATCACTACAGCCTTC
HPV16 5¢ ACGTTAACATGCACCAAAAGAGAACTGC
3¢ AAGGATCCTTGGTACCTGCAGGATCAGC
HPV17 5¢ AGGTTAACCTTAAGAGCATATGGATAGGCC
3¢ AAGGATCCTCGTCAGTCATGGCGAAG
HPV20 5¢ AAGAATTCAGAGAGTGCAGGCACATGG
3¢ ACGTTAACTACACCAATCATCCAACCC
HPV38 5¢ ACGAATTCTCATGGAACTACCAAAACCTC
3¢ ACGGATCCTCAGTACCTTTATCGTCCGC
aRestriction sites in primers are underlined.
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for 3 h to room temperature and the additional Triton treatment was
omitted.
In situ hybridization Templates for generating riboprobes for in situ
hybridization were constructed after ampli®cation by PCR of the E6
plus E7 gene fragments using type-speci®c primers extended with
restriction sites (Table I). Following PCR, the amplimers were cloned
into the TOPO-TA vector (Invitrogen) from which the E6±E7
amplimers were sequenced, digested, and subsequently cloned into
pGEM1 (Promega). This resulted in pGEM1±5E6E7 and pGEM1±
17E6E7 for the EV-HPV types 5 and 17, respectively. Both constructs
were sequenced and compared with the HPV database. To generate
antisense-strand and sense-strand riboprobes, pGEM1±5E6E7 was
linearized with EcoRI or XbaI, respectively, whereas pGEM1±17E6E7
was digested with SacI or BamHI, respectively. The DNA ends were
made blunt by using T4 DNA polymerase. 35S-labeled riboprobes were
then prepared by in vitro transcription with T7 or Sp6 RNA polymerase.
In situ hybridization was carried out as described by Wilkinson and
Green (1990). Sections were dipped in Nuclear Emulsion (G.5 emulsion
in gel form; Ilford Imaging UK, Mobberley, Cheshire, U.K.) and
exposed for various time periods. After photographic development, the
slides were stained with hematoxylin and eosin slightly, and
photographed with bright-®eld illumination.
RESULTS
High titers of retroviruses were generated from the pLXSN vector,
which expresses the bacterial neomycin resistance gene (Miller and
Rosman, 1989). Nearly all PHKs survived the selection with the
drug G418, whereas all the control uninfected cells died. In short-
term submerged cultures, keratinocytes infected with the retro-
viruses pLXSN5E6E7, pLXSN12E6E7, pLXSN15E6E7,
pLXSN17E6E7, pLXSN20E6E7, and pLXSN38E6E7 containing
the E6 and E7 genes of the EV-HPV types 5, 12, 15, 17, 20, and
38, respectively, did not show any obvious difference in growth
properties compared to uninfected cultures or those infected with
the empty pLXSN vector virus. For the purpose of comparison, we
transduced PHKs with HPV10 E6 and E7 genes. HPV10 is
probably a nononcogenic HPV type associated with cutaneous
warts (Caldeira et al, 2000). As a positive control, additional PHKs
were transduced with the oncogenic HPV16 E6 and E7 genes.
Neither culture showed a clear difference in growth behavior from
uninfected cultures at this stage.
Raft cultures transduced with EV-HPV E6E7 exhibit
histologic changes Three days after selection with G418,
PHKs infected with pLXSN virus were seeded onto a dermal
equivalent comprising collagen and ®broblasts and then lifted to the
air±medium interface. Distinct and well-organized basal, spinous,
granular, and corni®ed layers were seen as in the control raft
cultures of uninfected keratinocytes (Fig 1). These results indicate
that retroviral infection and G418 selection did not affect epithelial
differentiation. Raft cultures derived from keratinocytes infected
with pLXSN10E6E7 virus showed morphology similar to the
control cultures (Fig 1). As described previously, raft cultures
derived from keratinocytes transduced with HPV16 E6E7 showed
a highly disorganized and dysplastic morphology, with mitotic cells
in the suprabasal layers.
The histology of raft cultures containing EV-HPV genes varied
(Fig 1). Cultures containing HPV5 E6E7, HPV12 E6E7, or
HPV38 E6E7 were less organized. Altered differentiation was
observed as shown by the absence of the corni®ed layer. The
granular layer was also often very thin or absent in these cultures.
Degenerate changes, characterized by vacuolization of the
cytoplasm (hydropic change), was seen in all suprabasal layers.
Mitotic ®gures in suprabasal keratinocytes were not observed,
however.
Figure 1. Histology of epithelial raft cultures developed from uninfected PHKs and PHKs infected with recombinant retroviruses
containing HPV E6 and E7 genes. Uninfected PHKs and PHKs infected with the vector-only virus (pLXSN) or with retroviruses containing E6
and E7 genes of various HPV types were seeded on ®broblast populated collagen lattices and subsequently grown for 9 d at the air±medium interface.
Five micron sections were stained with hematoxylin and eosin. The HPV types are indicated at each panel. Two enlargements with details of papilla-
like structures are shown (third and fourth panel in bottom row). Scale bars: 100 mm.
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Raft cultures derived from keratinocytes transduced with
HPV15 E6E7 and HPV17 E6E7 showed an accelerated differen-
tiation with prematurely ¯attened keratinocytes in the spinous
layer, but with a reduced number of granulocytes and squames
relative to control cultures. Characteristic for these raft cultures
were the papilla-like structures arising from the basal layer into the
differentiated layers. Islands of small, basal-like cells were observed
in differentiated layers when these structures were sectioned
transversely (Fig 1). These papilla-like structures were not seen
in cultures containing HPV20 E6E7 and HPV38 E6E7, although
sometimes basal-like clusters of cells were found in the upper
suprabasal layers.
Raft cultures transduced with EV-HPV E6E7 show a
disturbed differentiation To investigate at the molecular level
whether the transduction of E6 and E7 genes of EV-HPV types
alter keratinocyte differentiation, raft cultures were analyzed for
K10 and SPRR2 expression. K10 is a cytokeratin that is expressed
Table II. Immunohistologic analyses of epithelial raft cultures developed from keratinocytes uninfected or infected with
recombinant retroviruses containing E6 and E7 genes of HPVa
Condition PCNA BrdU K10 SPRR2
PHK BL BL SB SG
PLXSN BL BL SB SG
5E6E7 BL, weak SB BL Intermittent in upper SB Absent
10E6E7 BL, SB BL SB SG extended to SS
12E6E7 BL BL Intermittent in upper SB Absent
15E6E7 BL, SB, PLS BL, PLS Intermittent in upper SB Intermittent SB
16E6E7 BL, SB BL, SB Upper SB SG
17E6E7 BL, SB, PLS BL, PLS Intermittent in uppermost SB Intermittent SB
20E6E7 BL, weak SB BL Upper SB SG extended to SS
38E6E7 BL, SB BL Upper SB Sporadic SB
aBL, basal layer; SB, suprabasal layer; SS, stratum spinosum; SG, stratum granulosum; PLS, papilla-like structures.
Figure 2. EV-HPV E6 and E7 transduction delays or disrupts squamous differentiation in epithelial raft cultures. Five micron serial sections
as described in Fig 1 were stained with antibodies to K10 (left two columns) and to SPRR2 (right two columns). The recombinant retroviruses used in the
infection are indicated; PHK, uninfected keratinocytes; pLXSN, keratinocytes infected with the vector-only virus. Scale bar: 200 mm.
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Figure 3. EV-HPV E6 and E7 transduction induces PCNA without BrdU incorporation in suprabasal cells in epithelial raft cultures. Five micron serial sections as described in Fig 1 were
stained with antibodies to PCNA (left two columns) and to BrdU (right two columns). The recombinant retroviruses used in the infection are indicated; PHK, uninfected keratinocytes; pLXSN, keratinocytes
infected with the vector-only virus. Scale bar: 100 mm.
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in all living suprabasal layers and is therefore characteristic of an
early differentiation marker. SPRR2 is a corni®ed cell envelope
precursor, which is only expressed in the granular layer and is
therefore characteristic of a late differentiation marker in healthy
native epidermis. The results of several experiments are
reproducible and are summarized in Table II. Typical views are
shown in Fig 2.
Speci®cally, K10 and SPRR2 expression in the control raft
cultures derived from uninfected keratinocytes or those from
cultures infected with the pLXSN viruses were similar. K10
expression was seen in all suprabasal layers, whereas SPRR2 was
restricted to the granular layer. Raft cultures containing
pLXSN10E6E7 showed a K10 expression pattern similar to the
control cultures. In all other raft cultures containing E6 and E7
genes of EV-HPVs or HPV16, K10 expression was only observed
in the upper suprabasal layers. In particular, an intermittent K10
expression in suprabasal layers was seen in cultures containing
HPV15 E6E7 or HPV17 E6E7 and, to a lesser extent, in cultures
containing HPV5 E6E7. Interestingly, the papilla-like structures in
these cultures did not stain for K10, indicating that they are
composed of undifferentiated basal-like cells, as suggested by their
morphology.
SPRR2 expression was seen in the granular layer of raft cultures
containing the HPV16 E6 and E7 genes, as was also seen in the
controls. SPRR2 expression was slightly extended into the spinous
layers in raft cultures containing HPV10 E6E7, HPV15 E6E7,
HPV17 E6E7 (Fig 2), or HPV20 E6E7 (data not shown). SPRR2
expression was absent in the papilla-like structures containing
HPV15 E6E7 and HPV17 E6E7. In cultures transduced with
pLXSN38 E6E7, SPRR2 expression was only observed intermit-
tently in the upper strata and was hardly visible or was below
detection in raft cultures containing HPV5 E6E7 (Fig 2) or
HPV12 E6E7 (data not shown), indicating that differentiation was
signi®cantly delayed or disrupted in these cultures.
Raft cultures transduced with EV-HPV E6E7 show weak
PCNA induction, but lack BrdU incorporation in
differentiated layers We investigated whether PCNA was
induced in the suprabasal cells. As expected from the highly
dysplastic morphology, PCNA was strongly induced in suprabasal
strata of raft cultures containing HPV16 E6 and E7 (Fig 3). PCNA
was also induced to a variable extent in suprabasal cells in cultures
containing E6 and E7 genes of EV-HPVs or those of HPV10.
To examine whether host DNA replication indeed took place in
the suprabasal cells, all cultures were exposed to BrdU in the
medium for 18 h before harvesting. Immunohistologic staining for
BrdU labeling was observed only in the basal and parabasal cells in
cultures derived from uninfected keratinocytes and from keratino-
cytes infected with pLXSN and with pLXSN10E6E7. In contrast,
BrdU-labeled cells were observed throughout the epithelium in raft
cultures containing HPV16 E6 and E7 genes, as has been described
earlier (Blanton et al, 1992; Halbert et al, 1992). Interestingly, in raft
cultures containing the E6 and E7 genes of the EV-HPV types,
BrdU incorporation was only observed in the basal and parabasal
cells with the exception of cultures containing HPV15 or HPV17
E6E7 (Fig 3). Sections of the latter cultures also had BrdU-positive
cells in the papilla-like structures in the spinous strata. This
observation supports the interpretation that these papilla-like
structures are basal-like proliferating cells.
In situ hybridization of raft cultures infected with
retroviruses containing EV-HPV E6 and E7 of HPV types
5 and 17 To ascertain that the E6/E7 region was transcribed
from the retroviral promoter in the raft cultures, in situ
hybridization was performed on two representative cultures
(HPV5 and HPV17) using in vitro transcribed and 35S-labeled
E6E7 probes. HPV5 or HPV17 E6E7 RNAs were detected in all
layers in the corresponding raft cultures. The signals appeared to be
slightly higher in the basal and lower spinous layers (Fig 4). No
hybridization was observed with either probe in raft cultures
infected with pLXSN. No hybridization was observed with the
sense E6E7 probes of HPV5 and HPV17. These results suggest that
the transduced cultures may express EV-HPV E6, E7, or both
proteins.
DISCUSSION
In this study, the effects of retroviral transduction of E6 and E7
genes of various EV-HPV types in PHKs grown in raft cultures
were compared with those of E6 and E7 genes of HPV16, a high
risk HPV type, and with those of HPV10, an HPV type associated
with benign cutaneous warts. The strati®cation and the organ-
ization of the epithelia of raft cultures varied among the different
EV-HPV types studied and were invariably delayed or disturbed,
relative to cultures derived from uninfected PHKs or those infected
with pLXSN10E6E7. In nearly all raft cultures containing EV-
HPV E6 and E7, PCNA expression was increased and induced in
suprabasal layers, although to different extents. The ability for E7 to
bind pRb is critical to PCNA induction (Demers et al, 1996; Chien
et al, 2000). Worthwhile to note is that, although the E7 protein of
HPV10 lacks the pRb binding consensus motif and does not bind
pRb (Caldeira et al, 2000), PCNA was nevertheless induced in
some of the differentiated layers. Despite the induction of PCNA,
however, BrdU incorporation in differentiated keratinocytes was
not observed. It is also notable that the suprabasal cells containing
HPV16 E6E7 express the differentiation marker K10 but remain in
cell cycle and exhibit a dysplastic morphology.
It is intriguing that the transduction of E6 and E7 genes of the
EV-HPV types did not prevent the suprabasal cells from exiting the
cell cycle (with the exception of the papilla-like structures, as
discussed below) despite a strong effect on differentiation and
organization of the strati®ed epithelium. We suggest several
possible interpretations for the divergent effects. First and foremost,
oncoproteins from different HPV types interact with a variety of
host proteins with varied af®nities. The amount of viral
Figure 4. Transcription of EV-HPV E6 and
E7 genes in raft cultures as detected by in situ
hybridization. Five micron serial sections as
described in Fig 1 were hybridized with 35S-
labeled riboprobes and photographed with bright-
®eld illumination. Riboprobes applied to the
sections were HPV5 E6E7 antisense (5AS), HPV5
E6E7 sense (5S), HPV17 E6E7 antisense (17AS),
and HPV17 E6E7 sense (17S). Cultures shown
were developed from PHKs infected with the
vector-only virus (pLXSN), with pLXSN5E6E7,
or with pLXSN17E6E7 as indicated. Sections
were exposed for the number of days indicated.
Scale bar: 200 mm.
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oncoproteins expressed from the low copy numbers of provirus
may not be suf®cient to activate or inactivate certain target host
proteins. This has been observed previously with the E7 proteins of
the nononcogenic genital HPV6 and HPV11. These E7 proteins
bind to pRB with low af®nity and are unable to reactivate PCNA
in differentiated keratinocytes or do so very inef®ciently. As a
result, neither is able to promote S phase re-entry (Halbert et al,
1992; Cheng et al, 1995). EV-HPV oncoproteins have not been
extensively studied, but it has been reported that the E6 protein of
HPV5 does not complex with p53 (Steger and P®ster, 1992;
Jackson et al, 2000). Similarly, EV-HPV E7 proteins may also have
a lower af®nity for pRb than those of the oncogenic genital HPVs
and need a higher protein concentration for activity than achieved
in our raft cultures. We cannot exclude that the EV-HPV E6 or E7
protein is not ef®ciently translated, however, despite abundant
E6E7 transcripts detected by in situ hybridization. At this moment
we cannot distinguish among these possibilities. Our observations
show that, despite their inability to promote S phase re-entry in
postmotitic cells, the EV-HPV oncoproteins are nevertheless rather
pro®cient in affecting squamous differentiation of foreskin
keratinocytes. It will be interesting in the future to characterize
the EV-HPV oncoproteins biochemically and decipher the mech-
anisms leading to these changes.
It is interesting that transduction of E6 and E7 of various EV-
HPV types results in epithelia of varying organization and degree of
differentiation. EV-HPV types that are phylogenetically related on
the basis of alignment of 92 amino acids of the late gene L1 tend to
have the same morphologic effects. For example, transduction of
E6 and E7 genes of HPV types 15 and 17, HPV types that are very
closely related (Berkhout et al, 2000), induces the papilla-like
structures in suprabasal strata. Similarly, transduction of E6 and E7
genes of HPV types 5 and 12, HPV types that are also very closely
related, delayed or disturbed differentiation to a more signi®cant
extent than other EV-HPV types examined.
The strati®ed epithelium of raft cultures derived from keratino-
cytes infected with pLXSN16E6E7 showed great similarities with
HPV16-infected cervical intraepithelial lesions observed in vivo.
Both are considered as dysplastic epithelia on the basis of mitotic
®gures in the super®cial differentiated layers. Papilla-like structures
were observed in raft cultures derived from keratinocytes infected
with pLXSN15E6E7 and pLXSN17E6E7. As cells comprising the
papilla-like structures were positive for PCNA and BrdU and
negative for K10, they are presumably proliferative basal cells. This
suggests that HPV15 and HPV17 E6/E7 have an increased ability
in promoting basal cell proliferation relative to the other EV HPVs
tested in this study.
In conclusion, constitutive expression of E6 and E7 genes of the
EV-HPV has a strong effect on the keratinocyte growth and
differentiation programs. The variety of cellular effects observed
with the EV-HPV types examined could in principle be helpful in
further determining the function of speci®c regions of the E6 and
E7 proteins. The multiple HPV infections often detected in skin
lesions, however (P®ster and Ter Schegget, 1997; Berkhout et al,
2000), could complicate the analysis in relating the observed effects
to the role of various types of EV-HPV in the pathogenesis of skin
malignant transformation. Nevertheless, these observations warrant
further research to ®nd out how EV-HPV types replicate in the
skin after transfecting intact HPV genomic DNA as described for
genital HPVs (Thomas et al, 1999).
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